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INTRODUCTION 
Nonuniform broadband transducers have been shown to radiate transient fields of sim-
pler time and space structures than conventional uniform transducers by modifying transdu-
cer diffraction effects [1, 2]. The echo-structure arising from a defect as measured in pulse-
echo methods of NDT is a fortiori simplified since transducer diffraction effects occur both in 
radiation and in reception [2]. Most of the theoretical and experimental works on nonuniform 
transducers dealt with the propagation of pulses of ultrasound in fluids. In solids, the tran-
sient field radiated by even a simple compression wave disk-transducer directly coupled with 
an elastic half-space is very complex because diffraction effects leads to complex mode-con-
version phenomena [3-5]. Such a transducer not only radiates a complex compression wave-
field (comparable with that radiated in fluids by a similar transducer) but also a complex 
shear wavefield. In the present paper, three different source profiles are considered (same as 
in Ref. [2] where echo-responses from targets in fluids were studied) : a conventional uni-
form profile, a nondiffracting profile and a profile reinforcing diffraction effects. The two 
nonuniform profiles are not ideal as those considered in [6]. We have developed industrial 
prototypes vibrating with these profiles (in [2], only laboratory-made transducers were con-
sidered). The present paper aims to show how they simplify the wavefield structure radiated 
in solids. To do this, both waveform and amplitude of the transient velocity radiated at vari-
ous field-points are calculated by means of two methods: a recently proposed approximate 
solution [4] (improved in [5]) and a pure numerical scheme based on the finite-difference 
method [7]. First, the approximate solution is recalled [4, 5]. Analytic formulas for a uni-
form source profile are explicitly given. They are combined with the superposition principle 
to allow the computation of the field radiated by nonuniform but axisymmetrical source pro-
files considered herein. Then, the finite-difference scheme originally developed for NDT 
modeling [7] is briefly recalled. It allows the computation of the field radiated by arbitrary 
axisymmetrical source profiles. Both methods are used to predict the particle velocity radiated 
by the three profiles considered at various field-points either on- or off-axis and at different 
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ranges. The accuracy of both methods is shown by comparing predicted waveforms. Finally, 
all the results are discussed to show advantages and disadvantages of using nonuniformly 
excited transducers in the context of pulse-echo methods of NDT. 
APPROXIMATE MODEL FOR TRANSIENT RADIATION IN SOLIDS [4,5] 
The approximate model predicts the transient displacement field radiated by an arbitrary 
source of traction T(rR,t) directly applied on the plane free surface of an elastic half-space, rR 
being a running point of the radiating surface R. If space and time variables are separable in 
the source term (piston source), i.e., if T(rR,t) can be expressed as T(rR,t) = r(rR) T(t), the 
i-th component of the displacement at a point r at time t can be approximated by a sum of 
convolution integrals of displacement impUlse-responses with T(t). We have, 
ui (r, t) = T(t) * [ h~ (r, t) + h~ (r, t) + h~ _> L (r, t) ], (1) 
with, 
(2) 
(3) 
(4) 
where y; = (r(r R. ) / 1 r - r R I, 8ij is Kronecker's delta, Po denotes the density of the propaga-
tion medium and It and J1 (Lame's coefficients) its elastic constants. CL and CT are the com-
pression and shear wave velocities, given by cL = [(1t+2J1)/POP/2 and cT = (J1/pO)1I2. 
Throughout, the summation convention for repeated subscripts is followed. 
A uniform disk-transducer working in the thickness-mode is modeled as a source of 
vertical traction given by T(rR,t) = T(t) l z (rR)' IrRI ~ a, a being the transducer radius and l z 
being a unit vector in the direction z. The source being axisymmetrical, the tangential compo-
nent Uo of the displacement equals zero everywhere in the half-space. A generalization of 
Stepanishen's approach for the transient radiation in fluids allows to calculate analytically the 
impUlse-responses for the two remaining components Ur and Uz at r (p, z) [4, 5]. We have 
z I z2 ((Jlim(cL) 
hL(r,t) = - 22 -- 0 [t min(cL), t 2(cL)] (5) 
POcL cLt 1C 
22 2 () I CIt -z ({Jlim CT h~r,t) = - -2-2- ---0 [t min(CT)' t 2(CT)] 
POCT CIt 1C (6) 
cL 
z f [3i -c2t2 ((Jlim(C) 1 hT_>L(r,t)= 42 --ll[t min(c),t2(c)] de, 
POC t 1C 
(7) 
cT 
and, 
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Table I Value of <l'lim as a function of the field-point position (P,z) and of ct. 
<l'lim p=O O<p<a p=a p>a 
t < to or t > t2 0 0 0 0 
to::; t::; tl Tr Tr Tr /2 (to=t 1) 0 
[ 22' "] [lNl] ['22 ' '] -1 C t -z +p -a -1 c t -z -1 C t -z +p -a tl ::; t::; t2 0 cos lNl cos 2a cos 22 2 
2pj c2t2_i 2p c t -z 
(8) 
(9) 
(10) 
where <l'lim(c) is tabulated in Table I and where the function II (ta, tb) equals 1 for ta::; t::; tb 
and 0 otherwise. The lower limit tmin of this function in above expressions equals to when 
p::; a and equals tl otherwise. The instants to (c), tl (c) and t2 (c) are defined by, 
to (c) = z f C, tl (c) = j i + (a - p)2 f C, t2 (c) = j i + (a + p)2 f c . (11) 
FINITE-DIFFERENCE SCHEME [7,8] 
The finite difference scheme used here follows the general approach to the modeling of 
isotropic solids with cylindrical symmetry that was developed in [7] and extended to the case 
of nonuniform transducers in [6]. This starts from the full linear equations of motion 
;; 2(;; 1 d 1) 2;; 2 2 ;; 
Zur=cL -2+- a,.-2" Ur+cT2Ur+(cL-cT)""L""LUz ' 
at a,. r r dz uraz 
(12a) 
;; 2(;; 1 d) 2;; 2 2 (;; 1 aj 
at2 Uz = cT a,.2 + r a,. Uz + cL dz2 Uz + (cL - cT) a,. dz + r az Ir ' (12b) 
together with the free surface boundary conditions 
d d di. ur + di- Uz = 0 , (13a) 
d 2 2 (d 1) di. ur + (1 - 2 cTf cj) di- + r Uz = 0 . (13b) 
For the modeling details see [7] and [8]. The crucial point to note is that beyond the 
numerical approximation of these equations, no further restrictions or assumptions are made. 
At the internal grid boundaries the transparent boundary fornlUlations first proposed in [7] 
are used. These have been shown [7,8] to overcome the grid stability problems common 
with previous formulations. For the very accurate calculations performed here a grid of size 
1200 X 1200 points was used, with a grid spacing of h = 0.02 mm. The time increment was 
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chosen (as in [9]) to be 2h13cL. The outgoing pulse from the transducer was incorporated 
into the modeling exactly as in [6]. 
RESULTS 
The two nonuniform source profiles considered herein are given by 
{r2(rR) = 1, forrR<ao 
r2(r R) = {cos[n (r R-aO) I (a-ao)] + 1} I 2, for ao ~ r R ~ a . 
(14) 
(15) 
with a = 19.1 mm and ao = 8.65 mm for r 1 and ao = 9.17 mm for r2• As it was explained in 
[2], r2 is a profile favoring the radiation of the geometrical (plane) wave whereas r3 is a 
profile favoring the radiation of edge (diffracted) waves. The former will be subsequently 
referred as the plane wave only transducer (PWO) and the latter as the edge wave only trans-
ducer (EWO) as in [1]. They are approximated in both methods by a superposition of 20 an-
nular transducers in the region rR E [ao, a] where the profiles are nonuniform. The input 
pulse was a single cycle of a sine wave of duration 0.2 Ils. Therefore, the width of an annu-
lar element may be larger than typical wavelengths radiated by the transducers (especially for 
shear waves) [subsequently, the elastic medium considered is made of mid steel with cL = 
5840 m.s-l and CT= 3170 m.s-1, the density being Po = 7770 kg.m-3]. 
Calculations were made using both methods of the vertical and radial particle velocity 
produced at various points in the solid by the three different kinds of transducer. Lack of 
space prevents us from presenting the full set of results here, so we will simply show a rep-
resentative selection that allow us to deduce the most important conclusions. 
(i) Figure 1 shows a direct comparison of the Finite Difference model prediction [Figure 
l(a)] and the approximate model prediction [Figure l(b)] for the same parameter for the axial 
particle velocity radiated by the transducer of profile r 2 at a point (z = 15mm, p = 15 mm). 
The detailed agreement between the two predictions is remarkable, considering the different 
ways in which they are derived. It is hard to see how any numerical errors in the finite differ-
ence approach could be exactly the same as errors introduced by the analytical approxima-
tions of the simple model. The only reasonable conclusion is that the errors are in both cases 
negligible, and both predictions are extremely accurate. 
(ii) Figure 2 shows a direct comparison of the predictions by the two models for the 
axial on-axis particle velocity produced by the PWO device at depths 5, 10 and 15 mm and 
Approximate Model Finite-Difference Method 
Fig. 1 Axial velocity radiated by the PWO device at z = l5mm, p = 15 mm, calculated by the 
two methods. (IllS I div.). 
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Fig.2 On-axis axial velocity at a) 5, b) 10, c) 15 mm range. I PWO calculated by the FDM, 
II PWO calculated by the approximate model, III uniform calculated by the FDM. (1f.ls/div.). 
a) I, II, III: 0 dB. b) I, II: 0 dB. b) III: - 0.9 dB. c) I: - 0.3 dB. c) II: - 0.4 dB c) III: 0 dB. 
similar results obtained with the finite-difference method in the case of a uniform transducer. 
The agreement is remarkably good for the shape of predicted waveforms radiated by the 
PWO device, even at a depth of only 5 mm. This is particularly noteworthy because the 
approximate solution neglects the effects of surface and head waves, which are generally 
important in this region. However, the PWO device only produces such waves in small 
quantities, by design, and this is what allows the modeling to be so successful here. The 
single significant pulse visible in each case justifies the "Plane Wave Only" description. 
The main feature of the PWO device is clearly shown in this figure. The complex field 
structure radiated by the uniform transducer is composed of three main pulses, the first being 
the direct plane compression wave, followed by two diffracted pulses, a first compression 
edge wave and a second shear edge wave. The smooth profile at the rim of the PWO device 
leads to almost nothing visible in terms of edge diffracted waves. Only the plane 
compression wave has a significant amplitude. Note that the amplitude of this "single" pulse 
is equal to the amplitude of the main pulse (and identical in nature) radiated by the uniform 
transducer. 
As an aid to comparison, predicted waveforms radiated by the PWO transducer 
calculated by both methods are plotted to the same relative amplitude scales. Those scales 
have been normalized to that for the on-axis axial particle velocity radiated by the uniform 
transducer at z=15 mm -the appropriate scale factors (attenuation setting denoted by a sign 
"-" and amplification setting by a sign "+") being given in dB in the figure key.- The 
comparison of quantitative predictions of both methods shows a good agreement. 
(iii) Figure 3 shows similar results for field-points at a range of 15 mm and different 
off-axis distances (0, 5, 10 and 15 mm). Again, waveforms and amplitudes predicted by 
both methods are in excellent agreement. When the field-point is in the region straight ahead 
from the disc source, the only visible component is the plane compression wave. For the 
field-points out of this region (10 and 15 mm off-axis), the waveforms look more complex. 
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Fig.3 Axial velocity at 15 mm range a) on axis, b) 5, c) 10 d) 15 mm off-axis. I PWO 
calculated by the FDM, II PWO calculated by the approximate model, III uniform calculated 
by the FDM. a) I: - 0.3 dB, II: - 0.4 dB, III: 0 dB. b) I: + 0.4 dB, II: 0 dB, III: - 0.4 dB. c) 
I: + 19.6 dB, II: + 18.2 dB, III: + 7.9 dB. d) I: + 37.9 dB, II: + 35.2 dB, III: + 20.3 dB 
However, their amplitude is very low. In the near field of the PWO transducer, the elastic 
energy radiated by the transducer is thus essentially carried by a single plane compression 
wave restricted to the region straight ahead from the transducer. 
(iv) Figure 4 shows a comparison of the predictions by the two models for the vertical 
on-axis displacement produced by the EWO device at depths 5, 10 and 15mm. These should 
be compared with the PWO (and uniform) results of Figure 2. As expected, in this case the 
predictions at depth 5 mm diverge, because the approximate model does not take into account 
the surface and head-wave effects that are significant here. There is no reason to doubt the 
fmite difference predictions here, any more than elsewhere. They automatically take into 
account all wave types. However, it is notable that even at depth of only 10 mm the 
predictions are remarkably close. This indicates that the simple model is quite accurate in 
general much closer to the material surface than might have been expected (10). 
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Fig.4 On-axis axial velocity at a) 5, b) 10, c) 15 mm range. EWO device. I calculated by 
the FDM, II calculated by the approximate model (1~sldiv.). a) I: + 0.1 dB, II: - 3.6 dB. b) 
I: - 0.9 dB, II: + 0.4 dB. c) I: + 3.1 dB, II: + 1.1 dB. 
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Fig.5 Axial velocity at 15 mm range a) on axis, b) 5, c) 10 d) 15 mm off-axis. EWO 
device. I calculated by the FDM, II calculated by the approximate model. a) I: + 3.1 dB, II: 
+ 1.1 dB. b) I: + 9.0 dB, II: + 7.0 dB. c) I: + 7.6 dB, II: + 6.0 dB. d) I: + 20.8 dB, II: + 
19.6 dB. 
The waveform structure is composed now of essentially two pulses: the compression 
and shear edge waves. These edge wave components are of especially high amplitude at 
field-points on axis considered here because of the symmetry of the source. Note that the 
amplitudes predicted by the two methods are not in an agreement as good as in the case of the 
PWO transducer. We are not able to explain why it is so. 
(v) Figure 5 shows similar results for field-points at a range of 15 mm and different off-
axis distances (0, 5, 10 and 15 mm). Again, waveforms predicted by both methods are in 
excellent agreement. As for the previous case, the predicted amplitudes are not in an excellent 
agreement. The interesting point to notice in this set of results is that the amplitude at 5 mm 
of axis (that is, in the region straight ahead from the transducer) is about 6 dB lower than that 
for the on-axis field point. For a point on axis, the contributions (either compression or 
shear) arise simultaneously from the rim of the transducer and constructively interfere. For a 
point off-axis, the contributions are not simultaneous and they do not constructively inter-
fere. Therefore, the energy is essentially focused all along the axis of symmetry. 
(vi) In all cases (but this is particularly visible at field-points far off-axis or at short 
ranges), the velocity waveforms show a collection of small pulses which result of the profile 
discontinuity relative to typical wavelengths. If an input pulse of lower center frequency had 
been considered or alternatively, if the nonuniform profiles were modeled by a larger number 
of transducers, these small contributions would have disappeared. 
USE OF NONUNIFORM DEVICES IN QUANTITATIVE NDT 
The PWO transducer has basically the same advantages when radiating into a solid as 
those discussed in [2] for the propagation in a fluid medium. The outgoing wave structure is 
greatly simplified (and any resulting echo signals). Moreover, at the depths considered 
herein, the amplitude of the waveforms are equal (or even higher) to that radiated by a 
conventional uniform transducer. It is therefore a most useful device to be used in the context 
of quantitative NDT. 
Conversely, the field radiated by the EWO transducer is relatively complex and can lead 
to the same serious misinterpretation of echo-responses from a scatterer as a conventional 
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uniform transducer. This is because both compression and shear edge diffracted pulses are 
radiated into a solid. In a fluid where shear waves do not propagate, the EWO device had 
been shown to much more simplify the outgoing wave structure. However, the focusing ef-
fect produced by the EWO device (which was discussed in detail in [1,2] for propagation and 
scattering in fluids) still exist and can be an interesting feature. Such a transducer can be used 
in contact with a planar interface and focuses the acoustic energy over a very large field-
depth. 
SUMMARY AND CONCLUSIONS 
The PWO and EWO devices behave as expected. In particular, the PWO device simpli-
fies greatly the outgoing wave structure (and any resulting echo signals) and offers an excel-
lent axial resolution. In the near field (this is also true in the mid-field but such results were 
not shown in this paper), its sensitivity is as good as that of the conventional transducer. The 
EWO offers a very good radial resolution over a very large field depth. In certain circum-
stances, it can be interesting to dispose of a flat transducer in contact that can be used as a fo-
cused transducer, without the need for a coupling medium. 
Since we have now prototypes of the two nonuniform transducers considered herein, 
we are attempting to prove experimentally the usefulness of these devices in the context of 
quantitative nondestructive testing and evaluation. 
The approximate model can be extremely accurate [see for example Fig. 1] and it can 
also give reliable predictions much closer to the solid surface than might have been expected. 
The solution used is based on an analytic solution of the general approximate model for the 
special case of a traction source normal to the interface and is therefore very fast to compute 
(even with a personal computer). It can be used as an easy tool for predicting the main fea-
tures of the transient field radiated by ultrasonic transducers with excellent accuracy for the 
waveforms and reasonable accuracy for the amplitude. However, the approximate model is 
unsuitable for predicting the field radiated at field-points where Rayleigh or head waves 
propagate (if these waves are generated by the transducer considered, e.g. the uniform trans-
ducer and the EWO device). 
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